The titanium phosphate-synthesized sol-gel method was subjected to the mechanochemical treatment in a planetary ball mill Pulverisette 6 in air or water environment or the hydrothermal treatment at 873 K or 1073 K. The properties of such modified/treated samples were examined using the XRF, XRD, TGA, static light scattering, FTIR Raman and adsorption/ desorption of N 2 methods. The mechanochemical treatment of xerogel samples leads to a small decrease in water contents in the sample, but the structure remains amorphous. Additionally, during milling of the sample aggregation of titanium phosphate particles and a decrease in specific surface area were observed. The hydrothermal treatment of the xerogel sample leads to a crystal product composed of titanium oxide phosphate hydrate, titanium oxide phosphate and titanium dioxide. The TGA analysis confirms the presence of titanium oxide phosphate hydrate. The hydrothermally treated titanium phosphate samples are monodispersed and have a larger specific surface area than the initial sample.
Introduction
Titanium phosphates (TiP) of different compositions are effective ion-exchangers, acid-oxidizers, photocatalysts, solid electrolytes [1] [2] [3] [4] [5] [6] . Their properties are determined by the Ti/P ratio, crystal and porous structure, morphology and ultimately the synthesis method. By varying the synthesis conditions of TiP, it is possible to control their main physicochemical properties: specific surface area, crystal and porous structure, and surface acidity. First of all, amorphous and crystalline titanium hydrophosphates Ti(HPO 4 ) 2 have important applications [1] [2] [3] . The review of TiP preparation methods is presented in papers [1, 7, 8] . Among them, the sol-gel and template syntheses allow to prepare mesoporous and hierarchically organized mesomacroporous TiP [4, 5, [9] [10] [11] [12] . There were prepared titanium phosphates of different compositions and porous structures: the specific surface area up to 740 m 2 g -1 and the pore volume up to 1 cm 3 g -1 . However, the mesopore diameters are as a rule only within 2-5 nm. Moreover, the above-mentioned procedures are fairly complex and require the use of expensive reagents as well as the additional calcinations for templates removal.
The characteristics can be also varied during further treatment of as-prepared phosphates, i.e., during modification of the sample structure. For example, hydrothermal (HTT) and mechanochemical (MChT) techniques are effective methods which allow to modify phosphates of different structures and adsorption properties [13, 14] . However, there are only few papers [15] [16] [17] which deal with modification of titanium phosphate structure using HTT. Thus, the authors of [16, 17] studied the HTT of TiP at low temperatures-130 and 160°C. It should be noted that only dried xerogels were investigated, although modification in the stage of wet gel enhances the control of the porous structure parameters [14, 15] . MChT of TiP was not investigated earlier.
The authors of [16] [17] [18] also proposed the use of titanium oxysulfate as a source of titanium instead of more expensive titanium chloride and alcoholates. HTT of the TiP xerogel prepared from TiOSO 4 leads to the formation of the samples with the pore volume 0.5-1.15 cm 3 g -1 and the pore size 10-22 nm which were used as ion- exchangers. However, the possibilities of crystal and porous structure variation have not been studied so far. The study of regularities and peculiarities of hydrothermal and mechanochemical modification of titanium hydrophosphate wet gel and dried xerogel precipitated from titanylsulfate is the aim of this paper. Porous and crystal structure of TiP, modified under different conditions, was investigated in detail.
Experimental

Materials
Synthesis of titanium phosphate
Titanium phosphate (TiP) with the ratio Ti/P = 1 was synthesized in the form of gelatinous precipitate (called ''gel''). The procedure of preparation was as follows:
• 26.4 g of (NH 4 ) 2 HPO 4 was dissolved in 200 mL of water; • the obtained solution was added dropwise to 100 mL of 2 M aqueous solution of TiOSO 4 with vigorous stirring for 30 min; • the precipitate was aged in the mother liquor for 60 min; • then the precipitate was washed with water (the total amount c.a. 35 L) through decantation; • the precipitate was subjected to filtration and compaction; • the part of precipitate was dried at room temperature for 72 h (called ''xerogel'').
TiP was subjected to hydrothermal and mechanochemical treatments (HTT and MChT, respectively) in the form of wet gel and dried xerogel. Mechanochemical treatment (MChT) was performed out in a planetary ball mill Pulverisette 6 (Fritsch) at the rotation speed of 600 rpm in air (dry milling) and water (wet milling). The samples subjected to the mechanical treatment were designated ''MChT-air'' and ''MChT-water'', respectively. Ten tungsten carbide balls of 15 mm diameter (total mass-130 g) as well as the tungsten carbide vessel (250 mL) were used. The amount of milled TiP was equal to 10 g. Thus, the mass balls-to-TiP (BPR) ratio was 13:1. The time of treatment was 2 h. The volume of water added into the mill for wet milling was 80 mL. The hydrothermal treatment (HTT) in the form of wet gel and dried xerogel was carried out in a stainless steel autoclave of 45 mL volume at 200 and 300°C and under the autogeneous pressure for 5 h. (The samples were designated ''HTT-xero-200'' and ''HTT-xero-300'', respectively). The reaction mixture contained 5 g of TiP and 10 mL of water when the xerogel was treated. In both cases, the wet gel and dried xerogel were charged in a quartz tube placed in the autoclave. However, 10 mL of water was added to the bottom of the autoclave when the xerogel was treated for HTT to be performed in the vapor phase. The obtained products were dried at 80°C for 48 h after MChT and HTT.
The porous structure of TiP samples was studied using the adsorption-structural methods. Nitrogen adsorptiondesorption isotherms were obtained using an automatic gas adsorption analyzer ASAP 2405 N (''Micromeritics Instrument Corp'') after outgassing of the samples at 150°C for 2 h. The specific surface area S and the volume of mesopores V me were calculated from these isotherms using the BET and BJH methods, respectively. The sorption pore volume V s was determined at a relative pressure of nitrogen p/p 0 close to 1. The total pore volume V R was determined by means of impregnation of the samples dried at 150°C with liquid water. The volume of macropores V ma was calculated as the difference between V R and V s . The curves of pore size distribution (PSD) were plotted using the desorption branches of isotherms.
The initial TiP and products of its modification were studied by means of X-ray powder diffraction (XRD, Empyrean) using the Philips PW 1830 diffractometer with CuK a radiation. The curves of DTA and TG were recorded using the Derivatograph-C apparatus (F. Paulik, J. Paulik, L. Erdey) in the temperature range 20-800°C at the heating rate 10°min -1 in air atmosphere. The initial mass of the sample was about 25 mg. The FTIR spectra in the range 4000-400 cm -1 were registered using the ''Spectrum-One'' spectrometer (Perkin-Elmer). The ratio of the sample to the KBr powder was 1:20. The Raman spectra were collected using a micro-Raman spectroscopy system (inVia-Reflex, Renishaw, Co., UK). The content of Ti and P in the initial sample was determined using the X-ray fluorescent analysis XRF (Axios mAX PANalytical). The particle size distributions were determined by means of the Mastertasizer 2000 apparatus produced by Malvern.
Results and discussion
The results of the XRF analysis of the samples are presented in Table 1 . As can be seen besides Ti and P, other elements are present in the samples as impurities. Most of them are present as trace elements, but the content of Fe may be the result of its presence in titanium oxide sulfate [18] and higher contents are found in the samples after the HTT in the steel autoclave using a quartz tube after the MChT treatment. W and Co in the samples come from the ball mill material. The presence of sulfur in the ''initial'' and MChT-air samples indicates that part of titanium oxysulfate did not react completely with diammonium hydrogen phosphate. The amount of sulfur in the other samples is lower because titanium oxysulfate was washed out with water during the MChT and HTT. The Ti/P ratio of the ''initial'' sample is higher than for Ti 2 O 3 (H 2 PO 4 ) 2-* 2H 2 O which was probably formed during the reaction of diammonium hydrogen phosphate with titanium oxysulfate.
The XRD patterns of initial, MChT-air and MChT-water samples are depicted in Fig. 1 . As can be seen from Fig. 1 , the XRD pattern for the ''initial'' sample indicates that it is amorphous, whereas in the pattern of MChT-air sample, four small peaks characteristic of the tungsten carbide structure can be seen, PDF card No. 04-007-5192. Their presence in the sample results from milling of the sample using the tungsten carbide balls. The same peaks can be observed for the samples subjected to the mechanochemical treatment in water ( Intensity/a.u . The latter is associated with formation of titanium phosphate hydrate phases under these conditions as shown by the XRD data. 3. The minimum contribution to the mass loss is made by the removal of sulfur impurity in the forms of oxides which is observed at 923-1023 K. This is consistent with the literature on decomposition of titanylsulfate [19, 20] . As can be seen, the release of sulfur is accompanied by the exoeffect in the same temperature range (Figs. 3-6 ). Its intensity and the corresponding mass loss decrease with the decreasing sulfur impurity (Table 1) . Particularly, this concerns the hydrothermal samples compared with the initial and milled in air samples.
Moreover, the DTA-TG results for all samples are considered in more detail. As can be seen on the TG curve of the initial sample in Fig. 3 . In our case, the presence of this compound is confirmed by a larger titanium content in the initial sample (Table 1) . It is possible that all indicated phases are present in the initial sample in the amorphous state. A larger mass loss observed by us for the initial sample (the TG curve in Fig. 3 ) may result from this. Besides, removal of 1.45% of sulfur also contributes to the overall mass loss; the XRF analysis shows that at 773 K its concentration increases as a result of water desorption to 1.81% and further with the temperature increase up to 1023 K its concentration decreases by 0.62% as a result of sulfate compounds decomposition ( Table 3 ). The DTA curve shows a peak at 993 K (as in [18] ) which can result from the exothermic structural changes in TiP as is confirmed by comparison of XRD patterns for the initial samples heated at 773 K and 1023 K, the first one is amorphous, whereas the second one is crystalline composed of titanium dioxide (rutile-PDF 004-014-7819 and anatase PDF 04-002-8296 structure) and titanium phosphate (Ti 4 P 6 O 23 ), PDF 00-039-0004, Fig. 8 . The results of thermal decomposition of the titanium phosphate sample after the mechanochemical process in air are depicted in Fig. 4 . As can be seen, the obtained curves are similar to those registered for the initial sample; however, the first stage of mass loss is in the wide temperature range 303-824 K. As follows from the TG curve, the total mass loss is 24.20%. The mass loss larger than 23.9% may indicate the presence of titanium hydroxide in the sample and release sulfur at a temperature higher than 873 K which is consistent with the XRF analysis ( Table 1 ). The peak on the DTA curve at 993 K can be attributed to the exothermic structural changes in TiP.
The curves of TGA analysis for the sample subjected to the hydrothermal treatment in the form of gel at 473 K (HTT-gel-200) can be seen in Fig. 5 . The total mass loss calculated from the TG curve is 15.3% which is larger than for the compound found in the XRD pattern, namely Ti 2 (PO 4 ) 2 OÁH 2 O (the calculated water content-5.63%). As the XRD pattern of this sample shows small peaks, a large fraction of amorphous phase of titanium phosphate is probably retained in this sample which may cause a larger mass loss during the thermal decomposition. The DTG curve of this sample shows the presence of three peaks with the maxima about 451, 575 and 935 K. In the first stage, the mass loss is approximately 10.7%, in the second step 2.8% and in the third one 1.8%. Figure 6 presents the results of the TGA analysis of titanium phosphate xerogel sample subjected to the hydrothermal treatment at 473 K (HTT-xero-200). As can be seen from the TG curve, the total mass loss was 15.4%. The DTG plot shows five peaks occurring in the following temperature ranges: 320-421 K, 421-508 K, 698-734 K, 734-842 K and 937-964 K. In these stages, the mass loss was 5.7%; 3.3%; 4.52%, 1.6% and 0.2%, respectively.
The results of the TGA analysis of the titanium phosphate xerogel subjected to the hydrothermal treatment at 573 K (HTT-xero-300) are presented in Fig. 7 . The TG curve shows that below 400 K the sample the mass loss did not change, so the sample did not contain physically adsorbed water. The latter can be associated with the minimal content of small pores, namely mesopores in this sample compared with the initial sample, for example (see below, Table 3 ). The total mass loss of the sample heated at 1073 K was 7.96%. This is statistically equal to 1.5 water molecules per Ti 2 (PO 4 ) 2 O(H 2 O). One water molecule can be a result of structural decomposition of Ti 2 (-PO 4 ) 2 O(H 2 O) and that of other phases present in the sample ( Table 2 ).
The DTG plot shows one broad peak in the range 375-818 K and three relatively small ones with the Fig. 9 The FTIR spectra of the titanium phosphate samples subjected to MChT and HTT Intensity/a.u Fig. 8 The XRD pattern of the initial titanium phosphate samples: no heated and heated in 773 and 1023 K maxima at 819, 961 and 1037 K. The mass loss in the temperature ranges (process stages) was the following: 7.17%, 0.6%, 0.08%, and 0.09%. These changes indicate in the first stage (up to 829 K) almost the whole water was released from the sample. The FTIR spectra of the titanium phosphate samples: initial, MChT-air, MChT-water, HTT-gel-200 and HTTxero-300, are presented in Fig. 9 . The observed bands were compared with the literature data for titanium phosphates [27, 28] . For the initial titanium phosphate sample, the broad band at 3280 cm -1 and the band at 1630 cm
correspond to the stretching and bending vibrations of hydroxyl groups [29] . The bands observed in the wave number range 383-628 cm -1 are attributed to the deformation modes, d(O-P-O), whereas in the range 896-1110 cm -1 the stretching modes m(P-O) [27] . According to Bortun et al. [30] , the band at 781 cm -1 may be assigned to the TiOH vibrations and Ti-O bonds.
The bands in the wave number 1000-1050 cm -1 can be assigned to the Ti-O-P skeletal stretching vibrations [31, 32] . The mechanochemical treatment in air of the titanium phosphate sample leads to a significant shift of the band at 3280 cm -1 to a lower wave number but that at 1028 cm -1 to a higher one. The mechanochemical treatment in water causes small changes in the band position.
The hydrothermal treatment of the xerogel sample at 573 K (HTT-xero-300) splits the band at 1630 cm -1 into 3 peaks at 1421, 1525, and 1626 cm -1
. Additionally, the band at 781 cm -1 is shifted to 754 cm -1 .
The Raman spectra of the titanium phosphate samples subjected to the hydrothermal treatment are shown in Fig. 10 . The Raman bands for titanium phosphates have been reported in the literature [26, 27] . According to these data in Fig. 10 , one can see the bands that could be assigned to the d(O-P-O) deformation modes of O-P-O in the wave number range 376-642 cm -1 , the stretching modes of P-O in the range 904-1087 cm -1 and the stretching modes of Ti-O at 681 cm -1 . The particle size distribution of the titanium phosphate samples is presented in Fig. 11 . The values of the particle diameters [d(0.1); d(0.5) and d(0.9)] that characterize the particle size distribution are collected in Table 4 . The particle diameter of the initial phosphate sample falls between 0.35 and 56 lm [the diameters characteristic of the distribution are d(0.1) = 1.8 lm, d(0.5) = 9.7 lm and d(0.9) = 30.5 lm]. The comparison of particle size with the crystal size determined using the Scherer method indicates that particles of titanium phosphate are aggregates of crystal titanium phosphate. The particle distribution of this sample is broad, and its shape suggests that it is bimodal. The mechanochemical treatment of titanium phosphate in the planetary ball mill leads to aggregation of particles in the sample, and the characteristic diameter d(0.9) is larger. The particle distribution is expanded to larger diameters. This effect is larger for the samples mechanochemically treated in air. The presence of larger diameter particles in the suspension makes particle size distribution measurements difficult due to aggregation during experiment that can be seen in the values of standard deviation of particle diameters in Table 4 . The particle distribution of this sample, Fig. 11 , is bimodal. The same effects were observed for the gel sample of titanium 200 400 600 800 1000 1200 1400
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Raman shift/cm -1 Fig. 10 The Raman spectra of the titanium phosphate samples subjected to HTT 
Porous structure
The nitrogen adsorption/desorption isotherms for all titanium phosphate samples are presented in Figs. 12, 13. As one can see the initial TiP sample is meso-macroporous. The shape of isotherms for this sample relates to type IV with the hysteresis loop of H1 type according to the IUPAC classification. Partial destruction of porous structure takes place during MChT: the specific surface area and the pore volume decrease (Table 5) . Particularly, significant changes occur during dry milling which can be seen in Fig. 12 :
The isotherm (curve c) has a shape characteristic of type IV with a weakly expressed hysteresis of a region of large values p/p 0 which corresponds to the filling of the largest mesopores.
PSD showing distribution of mesopore sizes d me is practically unchanged after wet milling: Two maxima about 31-32 and 51-52 nm are present on the PSD curves of the initial sample and the samples milled in water (Fig. 13) . At the same time, the PSD curve for the dry milled sample (MChT-air) is diffused and situated very low, i.e., mesoporous structure becomes less uniform.
On the contrary, HTT leads to the increase in total porosity V R (to 2.3 cm 3 g -1
) and its macroporous fraction. The sample modified at 473 K in the form of xerogel has a maximal value of the specific surface area (namely, 268 m 2 g -1 that is more than twice the value of the specific surface area for the initial sample) and the volume of Fig. 13 and Table 5 .
This sample (HTT-xero-200) possesses the most uniform porous structure which is confirmed by the curves of PSD (Fig. 13) . However, the isotherms obtained for the samples modified at 473 K in the form of gel (HTT-gel-200) and at 573 K in the form of xerogel (HTT-xero-300) can be attributed to type IV, although they do not contain hysteresis (Fig. 13) . Nevertheless, calculations from the isotherms have shown that these samples contain large mesopores (Table 5 ). In general, increase in fraction of macropores is observed. The latter occurs due to transformation of the main part of mesopores into macropores. The parameters of porous structure for all samples are listed in Table 5 .
Conclusions
The mechanochemical treatment of the xerogel titanium phosphate sample in air leads to aggregation of particles resulting in the decrease in the specific surface area, the pore volume and increase of the particle diameter. The effect of mechanochemical treatment of this sample in the water environment causes a smaller decrease in the specific surface area compared to the air-treated sample and results in the bimodal distribution of particle sizes (with one fraction of smaller particles and the second fraction with a larger diameter compared to the initial sample). The disadvantage of the mechanochemical treatment is contamination of the product by mechanical pulp of ball mill.
The hydrothermal treatment of the xerogel sample of titanium phosphate at 473 K allows to prepare the crystal product TiP with the specific surface area larger than that of the initial sample, and the particle size distribution is monomodal. The mixture of titanium oxide phosphate hydrate, titanium oxide phosphate and anatase is the product of such treatment. The HTT at 573 K of xerogel gives a similar product with a smaller specific surface area than that of the previous one, but the particle size distribution is narrower. Besides, all modified samples do not contain micropores and have bimodal meso-macroporous structure. Such samples are most required in adsorption and catalytic processes.
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